Abstract-We have investigated elliptical annular ring microstrip antennas having a sine wave periphery both theoretically and experimentally. The proposed antenna gives a good circular polarization at the center frequency of 1.285 GHz, with measured 3 dB axial ratio bandwidth of about 0.73% (9.5 MHz) and impedance bandwidth of about 1.7% (22.0 MHz). Input and radiation characteristics are also examined for different sine wave amplitudes applied to the periphery of elliptical ring patch antenna.
INTRODUCTION
Circularly-polarized (CP) microstrip antennas have been developed with both dual-and single-feed architecture. Single-feed CP microstrip antennas [1] [2] [3] [4] [5] [6] are more compact as compared to the dual-feed ones. One of the single feed CP microstrip antennas is elliptical annular ring microstrip antenna that produces circularly polarized wave of very good quality [6] .
In this paper, we propose a single-feed, circularly-polarized, elliptical annular-ring microstrip antenna (EARMA) operated in the L-band (1.285 GHz). The antenna periphery is modulated with a sinusoidal wave, giving a flowery appearance. An annular ring microstrip antenna (ARMA) with a periodically added sector stubs at the outer and inner edgez has been reported [7] to have a relatively wider bandwidth and smaller size than ordinary ARMAs. Fractal geometry applied to the periphery of microstrip antennas has also led to the reduction of the antenna size and broadening of the bandwidth [8] [9] [10] . Therefore, it is expected that by applying sine wave pattern to the periphery of the EARMA, broader bandwidth and reduced antenna size will be obtained. In this work, the characteristics of such antennas are investigated by both simulation and experiment. It turns out that favorable characteristics of input parameter and radiation pattern in broadside direction can be achieved, ensuring its application to circularly-polarized L-band applications such as global positioning system (GPS), synthetic aperture radar (SAR), television broadcasting, etc.
ANTENNA PARAMETER
Circular polarization is produced from the EARMA by locating the feed point of the antenna element on the radial line that is rotated 45 • counterclockwise (or clockwise) to the semi major-axis of the ellipse for a left-handed (or right-handed) circularly-polarized (LHCP/RHCP) radiation. We adopt the proximity-coupled feeding method that has the advantage of easier adjustment in the design and fabrication processes, especially in producing good circular polarization with good impedance matching.
The configuration of the radiating element, together with the microstrip line feed and ground plane, is shown in Fig. 1(a) , where important parameters are labeled. The periphery (outer ring) is an ellipse modulated with a sine wave, and in the Cartesian coordinate system, it can be expressed as where m is the amplitude of the sine wave, and a and b are the semimajor and -minor axes of the outer elliptical ring, respectively. The inner ellipse is given by the ordinary ellipse equation:
where a 1 and b 1 are the semi-major and -minor axes of the inner elliptical ring, respectively. Three different cases are considered here in terms of the m parameter, while the working frequency concerning the axial ratio (AR) is 1.285 GHz for all cases. Table 1 shows the dimensions of the radiator, microstrip line feed, and the ground plane for the EARMA patch models assumed in the simulation study. Side view is depicted in Fig. 1(b) . The geometry model is implemented on two substrates, each with thickness t = 1.6 mm, conductor thickness t c ≈ 0.035 mm, relative permittivity ε r = 2.17 and dissipation factor 0.0005. With the width of the microstrip line of 3 mm, the characteristic impedance is approximately 68.3 Ω. Frequency dependence of simulated and measured reflection coefficient.
The EARMA radiator will generate LHCP by rotating the patch by −45 • around the center of the patch. Simulations with a finite-ground-plane model have been undertaken to optimize the size parameters using a full-wave analysis tool (IE3D Zeland software) based on the method of moment (MoM) algorithm. Although all three models (m = 3, 5, and 9) are investigated in the simulation study, one EARMA patch having m = 3 is actually fabricated and tested. In the following section, the simulation results for all antenna model and measurement results for the case of m = 3 (Antenna-1) will be described. Figure 2 shows the picture of the EARMA patch, based on the parameters of Antenna-1 (m = 3) given in Table 1 . Fig. 3 shows the frequency dependence of the S 11 -parameter (reflection coefficient) obtained from the simulation (for Antenna-1 to -3) and measurement (Antenna-1). A gradual shift toward lower frequency is seen at the lowest value of S 11 -parameter as the value of m is increased in the simulation. Decrease in the impedance bandwidth is observed with the increased value of m: the bandwidth (S 11 < −10 dB) is 34, 33 and 23 MHz (2.7, 2.6, and 1.8%) for m = 3, 5 and 9, respectively. Fig. 3 also shows that experimentally, the reflection coefficient of Antenna-1 takes a minimum value at f 1 = 1.295 GHz. This frequency is somewhat higher than the operation frequency of f 0 = 1.285 GHz, though an impedance bandwidth (S 11 < −10 dB) of more than 30 MHz is attained around f 1 . Such a difference between the simulated and experimental results (seen also in other curves in Figs. 4 and 6 shown below) can probably be ascribed to the fabrication imperfections (such as inaccuracy in the milling and etching processes, connector soldering and holes with plastic screws) and/or the substrate loss and cable loss. In Fig. 4 , the antenna gain and AR at θ angle = 0 • are plotted against the frequency. The gain of the antenna is simulated to be around 7.0, 6.9 and 6.7 dBic for Antenna-1, -2 and -3 at 1.285 GHz, respectively. As for the frequency dependence curves of AR, a crucial parameter for circularly-polarized antenna operation, the values of 3-dB AR bandwidth simulated for Antenna-1 through Antenna-3, are 9.01, 8.56, and 6.56 MHz (0.70, 0.66, and 0.51%) respectively. From the measurement of Antenna-1, on the other hand, the gain is obtained to be 6.1 dBic, to some extent smaller than the simulated value of 7.0 dBic at 1.285 GHz. The measured 3-dB AR bandwidth is 9.5 MHz, slightly wider than the simulated result. All the models exhibit narrower bandwidths than the ordinary EARMA model simulated at the same working frequency (40.2 MHz or 3.1% of −10 dB S 11 bandwidth and 9.8 MHz or 0.76% of 3-dB AR bandwidth).
RESULTS AND DISCUSSION
Vector current distributions simulated for Antenna-1 through Antenna-3 are shown in Fig. 5 . Stronger distributions (larger vectors) are concentrated at the edge of the inner ring, at some of the dips along the sine-wave periphery and some areas between them. The size of the vector is related to the current intensity on the surface of the antenna. Most of the smaller-sized vectors appear at some peak areas of the outer peripheral ring. The results in Fig. 5 indicate that the larger is the value of m, the narrower is the area that contains larger-sized vectors. Presumably this is the cause of the narrower impedance, gain and AR bandwidths associated with antenna models having larger m values. The EARMAs' size (in terms of the rectangular area covering the radiator region) is not reduced (see parameters a and b, total with the m value in Table 1 ) compared with the ordinary EARMA (a = 43.2 mm; b = 41.9 mm). However, the radiator areas are reduced. The radiator areas of Antenna-1, -2, and -3 are 5198.6, 5001.3, and 3982.1 mm 2 , respectively. Since the radiator area of an ordinary EARMA with the same working frequency is simulated to be 5386.6 mm 2 , all EARMAs have achieved radiator size reduction.
Average current distributions of the microstrip line feed for Antenna-1 through Antenna-3 are shown in Fig. 6 . This figure shows the distribution of surface current intensity which is varied along with the microstrip line length. The brighter the regions, the stronger the surface current intensity is. The microstrip line feed should be longer for the larger value of m (see also Table 1 and Fig. 5 ) even though they have the same electrical length of 90 • . This is presumably due to the longer surface current path with a larger value of m. The widest bending geometry (with most meandered surface current path) found in Antenna-3 has resulted in the increase in electrical length and hence the decrease in the overall antenna surface area for the same working frequency. Except for the Az = 90 • AR characteristics, there are slight differences in beamwidth of 5-dBic gain and 3-dB AR as compared with the simulated model which is probably due to the imperfections mentioned above.
CONCLUSION
A new annular ring microstrip antenna with elliptical shape modulated with sine wave has been presented.
Numerical analysis and measurement results have shown that this antenna has good circular polarization characteristics over a bandwidth of around 9 MHz and fairly high gain at the observed operation frequency of 1.285 GHz. Further enhancement of the 3-dB AR bandwidth and reduction of the antenna size can probably be achieved using advanced techniques depending on the application requirement. Simulation studies have also been undertaken with respect to the effects of the sine wave amplitude on the antenna performance. With its good performance, this novel antenna patch will be useful for circularly-polarized L-band applications such as GPS, synthetic aperture radar, and television broadcasting.
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